stimuli.
Results
Short-term plasticity was examined at single fiber, retinogeniculate connections in parasagittal brain slices from postnatal day (P)25-P32 mice (Chen and Regehr, 2000). Relay neurons receive a small number of strong retinal inputs in these young adult mice, and synaptic responses to single fiber stimulation can be studied (see Experimental Procedures). The response of the excitatory retinogeniculate synapse was isolated by blocking inhibitory transmission with the GABA A antagonist bicuculline and by cutting the connections between the LGN and cortex. Moreover, synaptic currents are readily voltage clamped because geniculate cells are electrically compact and retinal inputs contact the proximal dendrites of geniculate neurons (Wilson et al., 1984) . In these experimental conditions, brainstem modulation of intrinsic voltage-gated conductances in relay neurons do not contribute to the synaptic response.
Paired-Pulse Plasticity at the Retinogeniculate Synapse
To identify mechanisms of short-term plasticity that are important at the retinogeniculate synapse, we initially studied the response to pairs of stimuli. Both NMDAR and AMPAR components of the excitatory postsynaptic current (EPSC) can be monitored at a holding potential of ϩ40 mV ( Figure 1A ). The outward current consists of the rapidly activating AMPAR component and the slower NMDAR component that decay with time constants of 2-3 ms and ‫09ف‬ ms, respectively (Chen and Regehr, 2000). Activation of a retinal input with two stimuli separated by 100 ms leads to synaptic depression, and the amplitude of the second EPSC (A2) is smaller than that of the first EPSC (A1).
Differences in the depression of the AMPAR and NMDAR components of the synaptic current are apparent in the EPSC response to pairs of pulses. The lower panel of Figure 1A shows the superimposed EPSCs 
Mechanisms Underlying Depression of NMDAR Currents
The rationale for using NMDAR antagonists of low affinity with fast kinetics and of high affinity with slow It appears that AMPAR desensitization cannot account fully for the difference in depression of the NMDAR and kinetics is illustrated in Figure 3A . In the extreme case of complete saturation, all NMDARs would bind gluta-AMPAR currents. This is apparent when Figure 1C is compared to Figure 2C , which shows that when desensimate on the first pulse and no receptors would be available for a second stimulus with a sufficiently short ISI. tization is reduced by CTZ, the AMPAR current is less depressed at short time intervals than the NMDA curThis would result in a failure to evoke a second EPSC ( Figure 3A , top row). When a low-affinity antagonist blocks a subset of NMDARs, glutamate activates available receptors eliciting a smaller EPSC than the control. However, due to a faster dissociation rate of the antagonist, some receptors become available for a second glutamate pulse to elicit another EPSC ( Figure 3A , middle row). In contrast, if a high-affinity antagonist blocks the same percentage of NMDARs, both antagonist and glutamate will remain bound after the first pulse, providing no available receptors for the second stimulus (Figure 3A , bottom row). The same reasoning applies even when receptor saturation is not complete and predicts that if NMDAR saturation is playing a role, the highaffinity antagonist should not alter the plasticity, whereas the low-affinity one should decrease the depression. Using this experimental paradigm, we found that a low-affinity NMDAR antagonist did alter paired-pulse plasticity while a high-affinity one did not. The low-affinity NMDAR antagonist L-APV ( 
cells). This inhibition was not readily reversible (data not shown).
Paired-pulse depression still occurred in the presence of these antagonists. However, normalizing the initial EPSC in antagonist to the corresponding initial control EPSC demonstrates that L-APV decreased the depression at short ISIs, while SDZ 220-581 did not change the plasticity ( Figure 3C ). This was the case for all cells we examined, as indicated in the average plots of paired-pulse plasticity ( Figures 3D and 3E ). L-APV decreased the amount of depression at ISIs of 10-100 ms, while at longer ISIs (0.2-8 s), there was little difference in paired-pulse plasticity ( Figures 3D and 3E) . During SDZ 220-581 application, however, there was no difference from control across the entire range of ISIs.
Comparison of Synaptic Depression When Desensitization and Saturation Are Minimized
Differences between synaptic depression of the AMPAR and NMDAR EPSCs can be attributed to postsynaptic receptor desensitization and saturation. This is apparent when depression is compared for the two receptor classes when the effects of desensitization of the AMPAR are removed with CTZ, and the effects of NMDAR saturation are minimized by a low-affinity an- 
Contributions of Short-Term Synaptic Plasticity during Physiological Stimulation
We examined whether synaptic plasticity was important under physiological conditions by examining the response of the retinogeniculate synapse to a train of stimuli designed to mimic the firing pattern recorded from a mouse retinal ganglion cell in response to a flash of light (see Experimental Procedures). Synaptic currents were recorded at 34ЊC-37ЊC. We found that the amplitude of both AMPAR and NMDAR EPSCs varied more than 5-fold during stimulation ( Figure 5A ). The EPSC amplitude depends on the recent history of the synapse for both receptor types. For example, the EPSC evoked by the second stimulus is ‫%51ف‬ to ‫%52ف‬ of that evoked by the first because it follows the first by just 7 ms. In contrast, after a long quiescent period (87 ms), the response to the seventh action potential elicits Figure 6A shows an example of a response We evaluated the contributions of AMPAR desensitization to short-term plasticity of the retinogeniculate conto a physiological pattern of stimuli before (top) and when bound to glutamate, the NMDAR continues to conduct current, while the AMPAR desensitizes. Addispaced release sites defined as the contact between a tionally, NMDAR has slower kinetics than AMPAR, rewith and without AMPAR desensitization and NMDAR saturation with dynamic clamp in a way that is not possisulting in a higher probability that an NMDA channel influenced by glutamate from a neighboring site is still in ble with pharmacological tools (Sharp et al., 1993 , 2000) . Briefly, the minimal postsynaptic mechanisms, is to simulate retinal inputs stimulation intensity was identified using increments of 0.25 A. In
